As the pole-to-equator temperature contrast weakens or the local convective static stability increases, convective heating increasingly influences the thermal stratification of the troposphere and the supercriticality. Consistent with the supercriticality criterion, the Hadley circulation contracts as meridional temperature gradients increase, and it widens as the effective static stability increases. The former occurs during El Niño and may account for the observed Hadley circulation contraction then; the latter occurs during global warming.
Introduction a. Supercriticality in dry atmospheres
results suggest one may use S c to locate the terminus of the Hadley circulation in climates in which 146 baroclinic eddies influence the thermal stratification (see Fig. 1 ). Using S c as a local-in-latitude 147 measure of the depth of baroclinic entropy fluxes, Korty and Schneider (2008) found that the tion are known to affect the intensity and structure of baroclinic eddies (e.g., Emanuel et al. 1987; account, O'Gorman (2011) addresses the asymmetry that exists in moist atmospheres between 170 updrafts, which favor moisture saturation and latent heat release, and downdrafts without conden-171 sation. This asymmetry affects the atmospheric dry entropy budget 172 ∂ t θ + ... + ω∂ p θ = ... + Q c .
Here, Q c refers to latent heat release associated with condensation of water, which dominates of local upward velocity and static stability,
Here, ω ↑ notes an upward velocity in pressure coordinates, ∂ p θ ↑ the static stability in updrafts,
179
and H (−ω) is the Heaviside function, which selectively removes downdrafts.
180
While O'Gorman (2011) considered the static stability in updrafts (∂ p θ ↑ ) to depend on local 181 thermodynamic conditions, in our study we take it to be in equilibrium with local near-surface 182 conditions. That is, updrafts and condensation in the free troposphere are tied to the thermody-183 namic state of the boundary layer, with deep convection given by the convection scheme in our
184
GCMs acting as communicator:
where
is the static stability set by air parcels lifted pseudo-adiabatically from the sur- upward velocity approximately to the total eddy velocity:
Here λ is a rescaling factor and ε a residual. Relation (8) 
203
Using near-convective neutrality to compute the static stability in updrafts (7) and the linearized 204 expression for eddy upward velocity (8), the eddy entropy budget may be expressed as
where the effective static stability experienced by baroclinic eddies averaged over many lifecycles
sociated diabatic heating, which is external in dry dynamics, internal to the moist dynamics. An 209 effective static stability measure similar to the dry static stability measure (4) can then be defined
In a moist atmosphere, the effective static stability measure (11) by a factor γ ≤ 1. Using a reduced convective lapse rate mimics changes in the stability of a 248 convective atmosphere due to an increase in the near-surface moisture content: decreasing the 249 rescaling factor γ from its dry adiabatic value of 1 is similar to increasing the moisture content 250 just above surface, which usually happens in a moist atmosphere as a response to warmer surface global-mean surface temperatures vary from 243 to 385 K, and pole-to-equator temperature con-
297
trasts from 12 to 100 K.
298
As global-mean surface temperature increases, the tropopause shifts upward ( zero, and the thermal stratification is stabilized by essentially dry baroclinic eddies. However,
317
1 Seven dry GCM simulations with low meridional potential temperature contrasts and low convective lapse rates were dominated by numerical noise. This prevented a robust estimate of baroclinic zones and of the Hadley circulation terminus. These simulations were excluded from Fig. 3 and all subsequent figures. In them, the tropopause height is controlled by convection.
these essentially dry simulations cover only a small subset of all simulations. lie above the 1-to-1 line in Fig. 3 . In these simulations, the static stability (4) around 160 K (ordinate of Fig. 3 ), which exceeds the convective static stability, which is less than 328 120 K (colorbar in Fig. 3 ). In these simulations, the supercriticality does not provide information 329 on the extratropical thermal stratification beyond the inequality constraint S c 1, and it does 330 not discriminate effectively between purely convective and baroclinic-convective static stability 331 regimes.
332
Using the effective static stability (11) provides additional information. Figure 4 shows the 333 effective static stability (11) vs. the meridional potential temperature contrast (3). Now a much 334 larger fraction of the simulations, both moist and dry, lie on the 1-to-1 line that signifies S eff c = 1.
335
Only in moist simulations with weak meridional temperature contrasts does convection control 336 the extratropical thermal stratification (S eff c < 1). 2 In the moist simulations, the transition from shows that the latitude of the terminus in both moist and dry simulations varies widely, from 8 nonnegative insolation at the poles, while the longwave opacity is kept fixed at its reference profile.
372
In the reference simulation without ocean heat transport (indicated by a pentagram in Fig. 5b ), the This can be seen in Fig. 6 , which shows the effective static stability (4) we found convection to influence the static stability and tropopause height, even when baroclinic 418 eddies were strong; this effect of convection was found to be greatly diminished at the Hadley 419 circulation terminus compared to the center of baroclinic zones.
420
The finding that the effective supercriticality typically assumes a constant O(1) value near the 421 latitude where the eddy heat flux is maximum. In some climates, the eddy heat flux does not have a
452
sharply defined maximum, which leads to sensitivity to the averaging convention when estimating 453 baroclinic zones. We address this issue by defining the center of the storm track ϕ M from the eddy 454 heat flux cumulative distribution, i.e.,
v θ ϕ dp
Here, ϕ − and ϕ + define respectively the equatorward and poleward boundary of the baroclinic 456 zones. A bulk estimate of supercriticality can then be defined as
where ∆ h θ is defined as the bulk meridional potential temperature contrast,
and ∆ v θ as the bulk static stability:
Here, (·) indicates a bulk estimate, and [(·)] defines a meridional average over the baroclinic 460 zone. Similarly, a bulk convective static stability can be defined as
The bulk supercriticality characterizes whether baroclinic eddies control the thermal stratification: found that simulations with near-neutral convective lapse rate, which corresponds to cold climates 474 in the moist GCM, have a poorly defined tropopause height when applying the WMO definition.
475
To circumvent this issue, we use a different definition of the tropopause height based on the merid-476 ional circulation structure.
477
In the coldest set of simulations, the tropopause height was redefined as the level where the 
